In bacteria, the enzymatic conversion of aqua cobalamin to its coenzyme form, 5'-deoxy-5'-adenosyl (Ado)-cobalamin ( Fig. 1) , is a three step process (12, 15) involving (Fig. 2) (i) reduction of Co(III) in aquacobalamin to Co(II) by aquacobalamin reductase (ED 1.6.99.8) (reaction 1), (ii) reduction of Co(II) to Co(I) by cob(II)alamin reductase (EC 1.6.99.9) (reaction 2), and (iii) ATP-dependent adenosylation acid a,c-diamide (Fig. 1 ). In this report we describe the purification and partial characterization of the adenosylating enzyme from Pseudomonas denitrificans.
Standards of Ado-cobyrinic acid a,c-diamide, Ado-cobyric acid, and Ado-cobinamide were purified from cultures of strain SC510 Rif' (2, 3) . Their diaqua forms were prepared by photolysis (16) of Co(I) by cob(I)alamin adenosyltransferase (EC 2.5.1.17) (reaction 3). This adenosyltransferase has been purified several hundredfold from Propionibacterium shermanii (6) and Clostridium tetanomorphum (14) . During coenzyme B12 biosynthesis, the addition of the adenosyl group as the axial upper ligand of cobalt is thought to occur soon after formation of cobyrinic acid ( Fig. 1) (1, 11, 12) . Enzymatic studies with cell extracts of P. shermanii (1) have shown that the simplest corrinoid to be adenosylated in vitro is cobyrinic * Corresponding author.
purchased from Sigma, and diaquacobyrinic acid was prepared as previously described (9) . Adenosyltransferase assay conditions were adapted from a previously described procedure (14 Fig. 1 for cobalamin. The bracket below the ring represents the nucleotide loop. DMB, dimethylbenzimidazole.
separated from ATP and its degradation products and quantitated by high-performance liquid chromatography (HPLC) (10) . A Gilson HPLC system coupled to a Berthold LB 505 HPLC radioactivity detector (Wildbad, Germany) equipped with a GT 200 glass scintillator cell was used.
One unit of adenosyltransferase activity was defined as the amount of enzyme necessary to generate 1 nmol of Adocorrinoid per min in the conditions described above.
Cell extracts of recombinant P. denitrificans strains (7) were prepared by ultrasonic treatment of 2 g of wet cells suspended in 4 ml of 50 mM Tris hydrochloride (pH 8.0)-5 mM dithiothreitol (buffer A), followed by removal of cell debris by centrifugation (50,000 x g for 1 h) and desalting of the supernatant on PD10 columns (Pharmacia) equilibrated with buffer A. An elevated adenosyltransferase activity (about 3 to 6 U mg of protein-' versus 0.1-0.3 U mg-1) was detected in SC510 Rif' strains containing plasmid pXL227, which carries the cobO gene (8) . SC510 Rif(pXL227) was used as the source of the enzyme for purification. The protein extract was loaded onto a MonoQ HR 10/10 column (Pharmacia) equilibrated with buffer A. Proteins were eluted with a linear gradient of 0 to 0.5 M potassium chloride in buffer A. Active fractions were pooled, concentrated to 3 ml in a Centriprep 10 concentrator (Amicon), mixed with 1 volume of buffer B (buffer A containing 3.4 M ammonium sulfate), and injected on a Phenyl-superose HR 10/10 column (Pharmacia) with buffer B as the mobile phase. The enzyme was eluted by a linear decreasing gradient of ammonium sulfate from 1.7 to 0 M in buffer A. Final purification of the adenosyltransferase activity was achieved by gel filtration on a Bio-Sil SEC-250 column (Bio-Rad) eluted with 50 mM Tris hydrochloride (pH 7.5)-5 mM dithiothreitol-0.1 M sodium chloride. The enzyme was purified 34-fold with an overall yield of 7% (Table 1) . Removal of dithiothreitol during purification or storage resulted in complete loss of activity. By using previously described procedures (3, 9), the purified protein was shown to be homogeneous and to exhibit the following structural characteristics: a molecular weight of 27,000 ± 1,000 as determined with sodium dodecyl sulfatepolyacrylamide gel electrophoresis (Fig. 3) , apparent molecular weights of 56,000 as determined with gel permeation HPLC on a Superose 12 HR 10/30 column and of 70,000 ± 10,000 as determined with native polyacrylamide gel electrophoresis performed with Phastgel 8-25 (Pharmacia) (Fig. 3) , and a clean N-terminal amino acid sequence (H2N-Ser-AspGlu-Thr-?-Val-Gly-Gly-Glu-Ala-Pro-Ala-Lys-Lys). These results demonstrate that cobO (8) The enzyme was inhibited by 1 mM tripolyphosphate, the by-product of the reaction (Fig. 2) (13) , as described previously for Cob(I)alamin adenosyltransferase from C. tetanomorphum (14) . It adenosylated cob(I)yrinic acid a,c-diamide, cob(I)yric acid, cob(I)inamide, and cob(I)alamin but was inactive on cob(I)yrinic acid ( Table 2) . With no standard of Ado-cobyrinic acid for HPLC, this latter result was demonstrated as follows. During HPLC analysis of incubations with cobyrinic acid, all radioactive peaks were collected, treated with cyanide, and shown to be free of cobyrinic acid (4) . Unlike other corrinoid precursors of cobalamin, which were quantitatively reduced under the incubation conditions described above, cobyrinic acid was not quantitatively reduced to the Co(I) state, as determined spectrophotometrically. This result, however, cannot explain the inefficiency of CobO to adenosylate cob(I)yrinic acid, since cobyrinic acid did not inhibit cob(I)inamide adenosylation (Fig. 4) . Most probably, CobO shows affinity only for corrinoids with their acetic acid side chains a and/or c amidated (Fig. 1) . Direct support of this view was found in the observation that hydrogenobyrinic acid a,c-diamide (the cobalt-free analog of cobyrinic acid a,c-diamide) (9) strongly inhibited adenosyltransferase activity, whereas the nonamidated pigment cobyrinic acid (Fig. 2) and its cobalt-free counterpart hydrogenobyrinic acid (5) did not inhibit this activity (Fig. 4) . These results agree with the previously described specificity of the adenosylating system of P. shermanii (1) . Cobyrinic acid a,c-diamide synthase (the enzyme that carries amidation at positions a and c on cobyrinic acid) (9) and cobyric acid synthase (which carries out further amidation on cobyrinic acid a,c-diamide (2) from P. denitrificans have been studied for their substrate specificities. These studies suggested that the insertion of the adenosyl group takes place at the stage of cobyrinic acid a,c-diamide. In addition, cobO mutants G632 and G633 (7, 8) have been shown to accumulate cobyrinic acid a,c-diamide specifically (28 and 4% of the amount of cobalamin produced by the parent strain, respectively), and the present study has revealed the enzymatic activity and substrate specificity of the cobO gene product. We infer from these data that the main physiological function of CobO is to adenosylate cob(I) yrinic a,c-diamide.
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